Introduction
============

Type 1 diabetes (T1DM) is a disease in which selective insulin-producing *β*-cell destruction occurs due to genetic or sporadic autoimmunity. Attempts have been made to stop destruction of *β*-cell function. C-peptide is reduced by approximately 0.1 to 0.2 ng/ml per year, even when intensive insulin therapy with 3 to 4 insulin injections per day is given ([@b1-ijsc-12-195]). In Type 2 Diabetes (T2DM), gradual increase in insulin resistance and temporal insulin secretion increase occurs, eventually leading to *β*-cell dysfunction ([@b2-ijsc-12-195]). Even intensive therapy using drugs such as metformin and sulfonylurea, including insulin, eventually leads to deterioration of *β*-cell function and glycemic control becomes difficult ([@b3-ijsc-12-195], [@b4-ijsc-12-195]). In T2DM, the *β*-cell function is initially reduced by about 10% in 10 years, and at some point, it decreases rapidly by about 10% in 2 years, eventually resulting in insulin-dependent diabetes ([@b5-ijsc-12-195]).

Therefore, treatment with stem cells having functions of immune modulation and regeneration has been continuously tried to improve the *β*-cell function. There are many types of cell therapy trials for DM such as pancreatic islet cell transplantation, pancreatic ductal stem cells, MSC transplantation or hematopoietic stem cells (or bone marrow transplantation). C-peptide was significantly increased by immunosuppression and immune resetting with administration of hematopoietic stem cells after immune ablation conditioning in type 1 diabetes ([@b6-ijsc-12-195]). However, bone marrow transplantation (BMT) can cause many side effects such as graft versus host disease (GVHD), gonad dysfunction, and endocrine dysfunction, as well as infection by immune suppression ([@b7-ijsc-12-195]). Also, treatment-related mortality for immune ablation BMT may be present, although less than 1% ([@b8-ijsc-12-195]), Thus BMT is a burden for diabetes patients who have no hematologic malignancy. In T2DM patients, C-peptide was significantly increased by locally injecting bone marrow mononuclear cells via pancreatic artery ([@b9-ijsc-12-195]). In T1DM patients, autologous bone marrow stem cells were injected via spleen artery, and increased c-peptide levels were maintained for 3 years. Controlled trials also were conducted to compare the efficacy of stem cell therapies ([@b10-ijsc-12-195], [@b11-ijsc-12-195]).

C-peptide, glycated hemoglobin (HbA1c) and required exogenous insulin dose have been used to evaluate the efficacy of stem cell therapy in diabetic patients, and c-peptide is recommended as a surrogate marker for evaluating *β*-cell function in insulin-dependent diabetes mellitus ([@b12-ijsc-12-195]--[@b14-ijsc-12-195]). C-peptide was measured by a fasting sample, a non-fasting random sample, and a formal stimulation test, and there are various kinds of stimulation tests like an intravenous glucagon stimulation (IVGS), a standardized mixed-meal tolerance test (MMTT), and oral glucose tolerance test (OGTT). In the study of stem cell therapy in diabetic patients, C-peptide measurements were measured in various ways.

Three meta-analyses of stem cell therapy in DM patients have been reported ([@b15-ijsc-12-195]--[@b17-ijsc-12-195]). However, in an analysis of whether stem cell therapy improves *β*-cell function, comparative analysis of only controlled studies to avoid overestimation of stem cell therapy effectiveness was not performed. Diversity of c-peptide measurements as an index of *β*-cell functional improvement was not considered. And C-peptide, glycated hemoglobin (HbA1c) and the required exogenous insulin dose were not analyzed integrally in the evaluation of *β*-cell function improvement.

Therefore, this systematic review aims to investigate whether the injected stem cell therapy promotes *β*-cell function, we analyzed controlled trials that evaluated the effect of stem cell treatment on diabetic patients. Diversity of c-peptide measurement method was analyzed and the exogenous insulin dose and HBA1C concentration were considered integratively.

Materials and Methods
=====================

Search strategy and study selection
-----------------------------------

A systematic search was performed from inception to January 2018 in PubMed, EMBASE, and Cochrane databases to search stem cell therapy studies applied to DM patients. The search terms such as, 'Diabetes Mellitus', 'Stem cell therapy', and 'Efficacies or Safety' were used. Selection criteria for the relevant study were as follows. (1) Controlled trials. (2) Patients with DM. (3) Including any kind of stem cells. Stem cells derived from the fetal organs were also included without excluding ([@b11-ijsc-12-195], [@b18-ijsc-12-195]). (4) Including fasting or stimulated C-peptide data. (5) Without a restriction on language. Abstracts are included if they are in English. The text in Chinese is also included ([@b19-ijsc-12-195]) with the help of Chinese expert. Exclusion criteria are as follows. (1) No full text. (2) No control groups without stem cell therapies. (3) Treatments for DM complications. (4) Islet cell or pancreas transplantations. (5) Traditional bone marrow stem cell transplantations. (6) Less than 4 participants. (7) No C-peptide data.

Data extraction
---------------

A total of 2,472 articles were searched initially except for duplication of data. Two independent investigators reviewed titles and abstracts and selected 104 potentially eligible studies. Then full text review was conducted. When opinions differ in the selection of articles, divergences were resolved by mutual consultation. Finally, 15 articles were selected ([@b10-ijsc-12-195], [@b11-ijsc-12-195], [@b18-ijsc-12-195]--[@b30-ijsc-12-195]) ([Fig. 1](#f1-ijsc-12-195){ref-type="fig"}).

The extracted items in each document are country of patient enrollment, numbers of patients allocated to stem cell treatment and control groups, route of stem cell administration, MSC cell type, cell origin, injection dose, and follow-up period. The mean, standard deviation, and total sample size were extracted for both treatment and control groups at baseline and the each follow-up points of C-peptide, HbA1c, insulin requirements. In the case standard deviation cannot be obtained ([@b30-ijsc-12-195]), the author of this document was contacted by e-mail, and if cannot get the response, data was only used for qualitative synthesis

In a single article, two totally different trials were presented with the respective control group ([@b11-ijsc-12-195]), and T1DM and T2DM trials were separated and analyzed as independent trials. The number of patients randomized in each trial or the number of patients assigned at the start of the study were extracted. The term 'end of study follow up point' used in this paper refers to the end of trials or the last follow up point of each document.

Quality assessment
------------------

In the case of the randomized controlled trial (RCT), the quality assessment was conducted with Cochrane Collaboration's tool for assessing risk of bias. In the case of non-randomized controlled trial (NRCT), the Risk of Bias in Non-randomized Studies of Interventions (ROBINS-I) was used. Two investigators independently performed analysis and divergences were solved through consensus. In RCT, if the control group had the sham procedures such as bone marrow aspiration, catheterization, and saline injection, it was evaluated as a low risk of bias in the blindness domain. In case of selective reporting domain, the registered research protocol was found and compared, and when the protocol was not registered, it was evaluated as unclear. In a case, the registered study protocol was non-randomized 4 factorial design, but was RCT in the reported trial, the study was evaluated based on abstract and full text ([@b19-ijsc-12-195]). The confounding elements for NRCTs were age, diabetic duration, and the severity of disease evaluated as a c-peptide baseline level, and if evaluated it was accessed as moderate risk of bias and if even adjustment was performed, it was accessed as low risk of bias. Only the overall risk of bias for each trial was presented as a table ([Table 1](#t1-ijsc-12-195){ref-type="table"}).

Statistical analyses
--------------------

Data analysis was conducted using Review Manager 5.3. C-peptide was converted to 'ng/ml' using the relation ([@b12-ijsc-12-195]) of '1 nmol/l=1 pmol/ml=3 ng/ml'. We used % as the unit for HbA1c, and for insulin used internal unit (IU). For patients of T1DM, unit for daily required exogenous dose of insulin was IU/d/kg, daily dose divided by the body weight of patients, and for T2DM we used unit of IU/d. When data is presented only as a figure, the exact numerical values of the data are extracted from the images using the Web Plot Digitizer Version 3.9 ([@b20-ijsc-12-195], [@b23-ijsc-12-195], [@b24-ijsc-12-195], [@b26-ijsc-12-195], [@b27-ijsc-12-195]). Value of area under the curve (AUC) was selected for the analysis of the stimulated C-peptide. Peak value ([@b28-ijsc-12-195]) was used when there was no AUC value. In case standard deviation was not presented, it was calculated from inter-quartile range, range, standard error values. When there are multiple intervention groups ([@b10-ijsc-12-195], [@b20-ijsc-12-195]--[@b22-ijsc-12-195]) or multiple control groups ([@b20-ijsc-12-195]), they are combined into one group before analysis. In this meta-analysis the random effect model was used, because the type, origin, cell number and the end of study follow up time of stem cell treatment vary in each trial and the possible heterogeneity is suspected. For fasting C-peptide meta-analysis, weighted mean differences were used. For stimulated C-peptide analysis, we used weighted mean differences when AUC was included in the meta-analysis, but the standard mean differences method was used when AUC and peak value were included in the meta-analysis. The I^2^ statistic was used to evaluate the degree of heterogeneity. We conducted subgroup and meta-regression analyses to explore methodological and clinical heterogeneity. Since the subgroup and meta-regression analyses required more than 10 studies, we analyzed after combining T1DM and T2DM studies. To investigate the clinical heterogeneity, we analyzed the differences according to DM type, cell origin, cell type, and route of administration. When it comes to explore the methodological heterogeneity, we analyzed only the differences in treatment effects according to the study design. For fasting C-peptide, stimulated C-peptide, HbA1c, and required exogenous insulin dose, changes from the baseline to the end of study follow-up points were meta-analyzed and mean differences were calculated.

Results
=======

Characteristics of the included trials
--------------------------------------

From the selected final 15 articles, total of 16 trials were analyzed and six were T1DM and 10 were T2DM trials ([Table 1](#t1-ijsc-12-195){ref-type="table"}). A total of 610 patients (153 T1DM, 457 T2DM) underwent stem cell therapy or conventional therapy. Stem cell therapy group was total of 332 patients, and control group without stem cell therapy was total of 278 patients. The smallest sample size was 12, the largest sample size was 118, and the median of the sample size was 28.5. Stem cells used were either autologous or allogeneic stem cells depending on their origin. Stem cells were administered by intravenous (IV) injection or by catheterization to target arteries such as pancreatic duodenal or pancreatic artery. 3 cases had the follow up period over 24 months, 9 cases of 12 months, and 4 cases under 6 months.

There were 13 RCTs and 3 non-RCTs.

Quality assessment
------------------

The RCT quality was assessed by Cochrane collaboration tool for assessing risk of bias and all 13 trials were high risk of bias ([Table 1](#t1-ijsc-12-195){ref-type="table"}). There was a possibility of bias in terms of appropriateness of randomization, whether it was blinded in measurement of outcomes, or report of selective results ([Supplementary Table S1](#s1-ijsc-12-195){ref-type="supplementary-material"}).

No trial was assessed as low risk of bias in the quality assessment of NRCT with ROBINS-I. Two were moderate risk of bias, and one was serious risk of bias ([Table 1](#t1-ijsc-12-195){ref-type="table"}). Trial with serious risk of bias did not referred to dietary and exercise behaviors as confounding variables, and the definition of intervention group was not clear ([Supplementary Table S2](#s1-ijsc-12-195){ref-type="supplementary-material"}).

Various C-peptide measurements methods used for each study were presented in [Table 2](#t2-ijsc-12-195){ref-type="table"}. Fasting C-peptide was measured in 4 trials of T1DM and 8 trials of T2DM, and we could not extract standard deviation information in 1 out of 8 T2DM cases. Stimulated C-peptide was measured in 4 trials of T1DM and in 6 trials of T2DM, and we could not extract standard deviation information in 1 out of 6 T2DM cases. We contacted the authors to gain information of the standard deviation. However, it was not possible to obtain the data; we excluded those trials from the meta-analysis. 5 Types of stimulus methods were used to measure Stimulated C-peptide, oral glucose tolerance test (OGTT), mixed meal tolerance test (MMTT), IV glucagon stimulation (IVGS), Hyperglycemic clamp (CLAMP), and steamed bread post prandial (PP). Three methods used to measure the stimulated C-peptides include measuring the area under the curve (AUC), the value at specific time points, and the peak value.

Treatment effects of stem cell therapy (SCT) were different between T1DM and T2DM. In T1DM, there was no significant difference between the intervention group and the control group in fasting C-peptide and stimulated C-peptide at the time of follow-up (MD: 0.19, 95% CI: −0.01 to 0.39 p=0.07 and MD: −0.04, 95% CI: −0.26 to 0.19 p=0.75, respectively) with significant heterogeneity (*I^2^*= 71% and *I^2^*=51%, respectively). In T2DM, fasting C-peptide and stimulated C-peptide were significantly increased in the group receiving stem cell therapy compared to the control group (MD: 0.62, 95% CI: 0.41 to 0.83 p\<0.001 and MD: 1.12, 95% CI: 0.49 to 1.75 p\<0.001, respectively) with significant heterogeneity (*I^2^*=56% and *I^2^*=64%, respectively) ([Fig. 2](#f2-ijsc-12-195){ref-type="fig"}).

The effect of SCT on T1DM and T2DM was different in the alterations from the baseline to the end of study follow-up points in C-peptide, HbA1c, and daily required exogenous insulin dose ([Fig. 3](#f3-ijsc-12-195){ref-type="fig"}). In T1DM, there was no significant difference between SCT group and control group in fasting C-peptide, stimulated C-peptide, and exogenous insulin requirements. HbA1C only showed favorable stem cell. On the other hand, T2DM showed a favorable SCT pattern in all of stimulated C-peptide, exogenous insulin requirement, and HbA1C, except fasting C-peptide changes.

Discussion
==========

There are several limitations in the interpretation of *β*-cell function. Since maintaining the near normal glycemic control in diabetes treatment is the standard of care, HbA1c is usually kept at 7 or less, and thus evaluating the effect of stem cells on *β*-cell function by only HbA1C changes is limited ([@b12-ijsc-12-195]). The required exogenous insulin dose also indirectly and imperfectly reflects the *β*-cell function and can be greatly influenced by patient compliance, exercise, and insulin sensitivity ([@b12-ijsc-12-195]).

C-peptide is a surrogate marker that represents endogenous insulin secretion. Methods for assessing C-peptide responsiveness include the use of serum C-peptide levels in the fasting state and the stimulation method. There are many factors that affect insulin secretion in *β*-cells. The key regulator factor is blood glucose level, and other factors include *β*-cell function, *β*-cell secretory capacity, insulin resistance, insulin sensitivity, glucotoxicity, exogenous insulin therapy, exercise and nutrition, etc. ([@b31-ijsc-12-195]). Especially fasting blood glucose (FBG) level can be greatly influenced by other factors rather than the therapeutic effect, so it is of limited value to evaluate the *β*-cell function using fasting C-peptide levels which is regulated by FBG. There was a report that a large dinner meal of previous day elevated the "fasting" glucose level in the next morning despite sufficient post-fasting measurements ([@b32-ijsc-12-195]). Fasting C-peptide levels are used primarily to reflect insulin resistance in patients who do not have insulin therapy. Fasting C-peptide levels are low because *β*-cell stimulation is low in insulin therapy patients, and it should be considered integratively together with the glucose level ([@b33-ijsc-12-195]). Stimulated C-peptide rather than fasting C-peptide is recommended to measure the therapeutic efficacy of *β*-cell function ([@b12-ijsc-12-195]--[@b14-ijsc-12-195]).

When interpreted centering on stimulated C-peptide, there was no difference between stem cell therapy group and control group in T1DM patients, and in T2DM patients, favoring stem cell therapy is shown, thus the use of stem cells seems to improve *β*-cell function only in patients with T2DM ([Fig. 2](#f2-ijsc-12-195){ref-type="fig"}).

To determine whether locally injected stem cell treatment has enhanced *β*-cell function in diabetic patients, it is necessary to consider the exogenous insulin dose, HBA1C concentration, fasting C-peptide, and stimulated C-peptide change patterns simultaneously. In T2DM patients, there were significant favoring patterns for stem cell therapies in the changes of stimulated C-peptide, HbA1c, and exogenous insulin dose versus baseline, and fasting C-peptide also showed favoring pattern though it was not significant statistically ([Fig. 3](#f3-ijsc-12-195){ref-type="fig"}). Use of stem cells in patients with T2DM improved *β*-cell function.

Four major mechanisms for C-peptide responsiveness after stem cell therapy could be considered. First, injected stem cells could directly differentiate into pancreatic *β* cells. In vitro, it has been reported that embryonic stem cells (ESCs) differentiated into functional *β*-cells, and in rodents it has been reported that stem cells derived from hematopoietic organs differentiated into functional pancreatic endocrine cells ([@b34-ijsc-12-195]). The second is the generation of new *β*-cells by recruiting progenitor cells with potency to differentiate into *β*-cells by the paracrine effect. It was reported when diabetic mouse was intravenously injected with enhanced green fluorescent protein (eGFP) labeled adult stem cells, its hyperglycemia normalized and *β* cell mass recovered fully, but there was no evidence of insulin secreting eGFP positive donor cells and only increased cell cycle activity of remaining (eGFP negative) *β* cells were shown ([@b35-ijsc-12-195]). The third is to protect the remaining *β*-cells and facilitate repair and proliferation by reducing pro-inflammatory cytokines and increasing anti-inflammatory cytokines. After 'Stem cell educator' therapy in T1DM and T2DM patients which is to reinject lymphocytes after educating them into human cord blood-derived multipotent stem cells in vitro, number of regulatory T cells (Tregs) increased, the cytokine balance between T helper (Th) cells recovered, and C-peptide increased ([@b36-ijsc-12-195], [@b37-ijsc-12-195]). The fourth is to inhibit autoimmunity and hence prevent further destruction of residual *β* cells and slow or reverse the progression of DM. There was a report that by non-myeloablative autologous hematopoietic stem cell transplantation in patients with T1DM, anti-glutamic acid decarboxylase (GAD) antibody titers were significantly reduced compared to baseline, and HbA1c and exogenous insulin dose also showed favoring reactions ([@b38-ijsc-12-195]).

In T1DM, there was no significant difference between control group and stem cell therapy group in changes of three indicators except for HbA1c ([Fig. 3](#f3-ijsc-12-195){ref-type="fig"}). Considering the T1DM pathologic mechanism of selective insulin-producing *β*-cell destruction by autoimmunity, stem cell therapy did not delay or reverse T1DM progression because it does not significantly reduce autoimmunity or restore the inflammatory cytokine balance of the population.

Previous meta-analyses have shown that stem cell therapy is effective in both T1DM and T2DM patients. ([@b15-ijsc-12-195]--[@b17-ijsc-12-195]). However, there were several limitations with the previous meta-analysis. No trial with a control group was used in the analysis of C-peptide in patients with T1DM and included conventional BMT trials and analysis without distinction between fasting C-peptide and stimulated C-peptide.

As for the limitation of this study, first, the current meta-analysis showed high heterogeneity. The sub-group analysis did not explain the heterogeneity both clinical factors, including DM type, cell origin, cell type, and route of administration and methodological characteristic (study design) ([Supplementary Table S3](#s1-ijsc-12-195){ref-type="supplementary-material"}). None of the variables was related to influential factors in meta-regression analysis ([Supplementary Table S4](#s1-ijsc-12-195){ref-type="supplementary-material"}). There might be the variability in true effect sizes due to the factors that have not yet been identified. If the heterogeneity is substantially high, the observed direction and magnitude of effect should be interpreted with caution. However, in addition to the results of stimulated C-peptide, fasting C-peptide, HbA1c, and daily insulin requirement changes also showed moving toward improving diabetes together. It is suggestive of that observed directions of effect of stem cell therapy may improve *β* cell function in T2DM. Second, the quality of the included studies was low using both the Cochrane ROB and ROBINS-I. The RCTs were high risk of bias and NRCTs were evaluated as moderate or serious risk of bias. Further verification through a rigorously designed study is warranted.
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###### 

Characteristics of included trials

  Author                                                Country      SCT/Control (n)                                        Cell origin   Cell type                                                   Delivery route   Follow-up   C-peptide   Study design   Quality assessment[‡](#tfn4-ijsc-12-195){ref-type="table-fn"}
  ----------------------------------------------------- ------------ ------------------------------------------------------ ------------- ----------------------------------------------------------- ---------------- ----------- ----------- -------------- ---------------------------------------------------------------
  T1DM                                                                                                                                                                                                                                                        
   Cai 2016                                             China        21/21                                                  Allo/Auto     UC-MSC/BM-MNC                                               PA/IV            12 mo       F/St        RCT            High
   Carlsson 2015                                        Sweden       10/10                                                  Auto          BM-MSC                                                      IV               12 mo       F/St        RCT            High
   Ghodsi 2012(T1DM)                                    Iran         15/15                                                  Allo          FL-HSC                                                      IV               12 mo       F           RCT            High
   Giannopoulou 2013                                    Germany      7/10                                                   Auto          UCB                                                         IV               12 mo       St          NRCT           Moderate
   Haller 2013                                          USA          10/5                                                   Auto          UCB                                                         IV               12 mo       St          RCT            High
   Hu 2013                                              China        15/14                                                  Allo          WJ-MSC                                                      IV               24 mo       F           RCT            High
  T2DM                                                                                                                                                                                                                                                        
   Bhansali 2014                                        India        13/13                                                  Auto          BM-MNC                                                      PDA/IV           12 mo       St          RCT            High
   Bhansali 2017                                        India        10/10/10[\*](#tfn2-ijsc-12-195){ref-type="table-fn"}   Auto          BM-MSC/BM-MNC[\*](#tfn2-ijsc-12-195){ref-type="table-fn"}   PDA              12 mo       F/St        RCT            High
   Chen 2016                                            China        6/6                                                    Allo          UC-MSC                                                      PA/IV            6 mo        St          RCT            High
   Ghodsi 2012(T2DM)                                    Iran         13/13                                                  Allo          FL-HSC                                                      IV               12 mo       F           RCT            High
   Hu 2012[†](#tfn3-ijsc-12-195){ref-type="table-fn"}   China        56/62                                                  Auto          BM-MNC                                                      PA               36 mo       F/St        NRCT           Moderate
   Hu 2016                                              China        31/30                                                  Allo          WJ-MSC                                                      IV               36 mo       F           RCT            High
   Skyler 2015                                          USA          45/15                                                  Allo          BM-MPC                                                      IV               3 mo        F           RCT            High
   Sood 2017                                            India        21/7                                                   Auto          BM-MNC                                                      PDA/SA/IV        6 mo        F/St        RCT            High
   Ulyanova 2016                                        Kazakhstan   8/6                                                    Allo          FP-SC                                                       IV               3 mo        F           NRCT           Serious
   Wu 2014                                              China        41/41                                                  Auto          BM-MNC                                                      PA               12 mo       F/St        RCT            High

T1DM: type 1 diabetes mellitus, T2DM: type 2 diabetes mellitus, SCT: stem cell therapy, Allo: allogeneic, Auto: autologous, UC: umbilical cord, BM: bone marrow, FL: fetal liver, WJ: Wharton jelly, FP: fetal pancreas, MSC: mesenchymal stem cell, MNC: mononuclear cell, HSC: hematopoietic stem cell, UCB: umbilical cord blood, MPC: mesenchymal precursor cell, SC: stem cell, PA: Pancreatic artery, IV: Intravenous, PDA: Pancreatico-duodenal artery, SA: splenic artery, F: Fasting C-peptide, St: Stimulated C-peptide, RCT: Randomized Controlled Trial, NRCT: non-Randomized Controlled Trial.

2 intervention groups (BM-MSC was used for one intervention group and BM-MNC for the other) and 1 control group,

No standard deviation data of C-peptide,

Cochrane collaboration's tool for assessing risk of bias for RCTs and ROBINS-I (Risk Of Bias In Non-randomised Studies - of Interventions) version 19 September 2016 for NRCTs were used for the quality assessment.

###### 

Mean differences of C-peptide compared to the control group

  Trials                                                    Fasting C-peptide (95%CI)                                       Stimulated C-peptide (95%CI)                                                                                                                                    
  --------------------------------------------------------- --------------------------------------------------------------- ------------------------------ ---------------------------------------------------------------- --------------------------------------------------------------- ----------------------------------------------------------------------------------------------------------
  T1DM                                                                                                                                                                                                                                                                                      
   Cai 2016                                                 0.10 (0.06, 0.15)[\*](#tfn7-ijsc-12-195){ref-type="table-fn"}   3h OGTT                        0.10 (0.03, 0.17)[\*](#tfn7-ijsc-12-195){ref-type="table-fn"}                                                                    
   Carlsson 2015                                            0.09 (−0.29, 0.47)                                              2h MMTT                        0.15 (−0.66, 0.95)                                               0.44 (−0.63, 1.50)                                              
   Ghodsi 2012 (T1DM)                                       0.02 (−0.53, 0.57)                                                                                                                                                                                                              
   Giannopoulou 2013                                                                                                        2h MMTT                        −0.29 (−0.63, 0.04)                                              −0.30 (−0.73, 0.13)                                             
   Haller 2013                                                                                                              2h MMTT                        −0.12 (−0.54, 0.30)                                              −0.15 (−0.65, 0.35)                                             
   Hu 2013                                                  0.41 (0.23, 0.60)[\*](#tfn7-ijsc-12-195){ref-type="table-fn"}                                                                                                                                                                   
  T2DM                                                                                                                                                                                                                                                                                      
   Bhansali 2014                                                                                                            IVGS                                                                                            1.28 (0.68, 1.87)[\*](#tfn7-ijsc-12-195){ref-type="table-fn"}   1.30 (0.60, 2.00)[\*](#tfn7-ijsc-12-195){ref-type="table-fn"}[†](#tfn8-ijsc-12-195){ref-type="table-fn"}
   Bhansali 2017                                            −0.43 (−1.28, 0.43)                                             CLAMP                          0.06 (−1.05, 1.18)[§](#tfn10-ijsc-12-195){ref-type="table-fn"}                                                                   
                                                                                                                            IVGS                                                                                                                                                            0.06 (−0.26, 0.38)[†](#tfn8-ijsc-12-195){ref-type="table-fn"}
   Chen 2016                                                                                                                3h OGTT                        0.14 (0.06, 0.23)[\*](#tfn7-ijsc-12-195){ref-type="table-fn"}                                                                    
   Ghodsi 2012(T2DM)                                        0.40 (−0.69, 1.49)                                                                                                                                                                                                              
   Hu 2012[\|\|](#tfn11-ijsc-12-195){ref-type="table-fn"}   −0.159 ( −, − )                                                 2h PP                                                                                                                                                           1.645 ( −, − )[‡](#tfn9-ijsc-12-195){ref-type="table-fn"}
   Hu 2016                                                  0.71 (0.62, 0.80)[\*](#tfn7-ijsc-12-195){ref-type="table-fn"}                                                                                                                                                                   
   Skyler 2015                                              −0.17 (−1.07, 0.74)                                                                                                                                                                                                             
   Sood 2017                                                0.94 (0.54, 1.35)[\*](#tfn7-ijsc-12-195){ref-type="table-fn"}   IVGS                           1.02 (0.12, 1.92)[\*](#tfn7-ijsc-12-195){ref-type="table-fn"}                                                                    
   Ulyanova 2016                                            1.18 (0.18, 2.18)[\*](#tfn7-ijsc-12-195){ref-type="table-fn"}                                                                                                                                                                   
   Wu 2014                                                  0.60 (0.42, 0.79)[\*](#tfn7-ijsc-12-195){ref-type="table-fn"}   3h OGTT                        0.90 (0.61, 1.18)[\*](#tfn7-ijsc-12-195){ref-type="table-fn"}                                                                    

The unit of all C-peptide values is ng/ml.

AUC: area under curve, CI: confidence interval, OGTT: Oral Glucose Tolerance Test, MMTT: Mixed meal tolerance test, IVGS: intravenous glucagon stimulation, CLAMP: hyperglycemic clamp, PP: post-prandial(steamed bread).

p\<0.05,

6 min after glucagon stimulation,

2 hour after steamed bread,

last follow-up point is 6 month,

No standard deviation data of C-peptide.
